We previously compared time-domain diffuse optical spectroscopy (TD-DOS) with magnetic resonance imaging (MRI) using various water/lipid phantoms. However, it is difficult to conduct similar comparisons in the breast, because of measurement differences due to modality-dependent differences in posture. Dual-energy computed tomography (DECT) examination is performed in the same supine position as a TD-DOS measurement. Therefore, we first verified the accuracy of the measured fat fraction of fibroglandular tissue in the normal breast on DECT by comparing it with MRI in breast cancer patients (n = 28). Then, we compared lipid and water signals obtained in TD-DOS and DECT from normal and tumor-tissue regions (n = 16). The TD-DOS breast measurements were carried out using reflectance geometry with a source-detector separation of 3 cm. A semicircular region of interest (ROI), with a transverse diameter of 3 cm and a depth of 2 cm that included the breast surface, was set on the DECT image. Although the measurement area differed between the modalities, the correlation coefficients of lipid and water signals between TD-DOS and DECT were rs = 0.58 (p < 0.01) and rs = 0.90 (p < 0.01), respectively. These results indicate that TD-DOS captures the characteristics of the lipid and water contents of the breast.
Introduction
Near-infrared spectroscopy (NIRS), in the range of 650-1000 nm, is widely used to noninvasively measure the concentration of light absorbing substances such as hemoglobin, water, and lipids in living tissues. In breast cancer studies, NIRS has been used to monitor tumor response to neoadjuvant chemotherapy (NAC), as hemoglobin, water, and lipid proportions reflect microvasculature, cellular metabolism, angiogenesis, edema, hypoxia, and necrosis [1] [2] [3] [4] [5] [6] [7] . These parameters are significantly altered in tumor growth and regression.
Materials and Methods

Patients
DECT was used to measure the fat fraction of breast cancer and the contralateral normal breasts of 71 patients between August 2017 and August 2018.
In the first part of this study, the DECT-measured fat fraction of the normal breasts was compared with our MRI measurements. We excluded 35 patients who had not undergone an MRI examination in our hospital, five patients in whom a part of the breasts was out of the field of view on the CT, one patient whose fibroglandular tissue had a massive calcification, one patient whose MRI images were of poor quality, and one other patient who had bilateral cancer. Finally, 28 patients were included in this study. Their median age was 66 years (age range: 42-78 years).
In the second part of this study, we compared TD-DOS with DECT for a measurement of the fat and water contents of breast cancer and the contralateral normal breast. Twenty-six patients underwent both DECT and TD-DOS. We excluded four patients in whom a part of the breasts was out of the field of view on CT, one patient with small breasts that prevented the region of interest (ROI) from being placed solely on the breast, four patients who had undergone chemotherapy or hormonal therapy, and one patient for whom the optical probe could not be placed in a proper position. Finally, 16 patients with a median age of 65.5 years (with an age range of: 41-78 years), were included in the second part of the study. Twelve patients had invasive ductal carcinoma, two had ductal carcinoma in situ, one had invasive lobular carcinoma, and another had mucinous carcinoma. The mean tumor thickness measured using an ultrasonography system (US; EUB-7500, Hitachi Medical Corporation, Tokyo, Japan) with a linear probe (EUP-L65, Hitachi Medical Corporation) attached to the spectroscopic probe was 9.8 mm (range: 2-19 mm). Ten patients were included in both the first and second parts of the study.
The study protocol was approved by the Ethical Review Committee of Hamamatsu University School of Medicine. All patients signed a written informed consent form.
Magnetic Resonance Imaging (MRI) Measurement
All breast MRI examinations were performed on a 3-T magnet (Discovery 750w, GE Healthcare, Waukesha, WI, USA) using an 8-channel dedicated phased-array breast coil. The patients were examined in the prone position with both breasts symmetrically positioned in the coil. The PDFF [23, 24] pulse sequence used for this study was provided by the manufacturer of the MR unit (IDEAL IQ, GE Healthcare). The pulse sequence used the multipoint Dixon technique, which uses a low flip angle to limit T1 bias, acquires six echoes to correct for T2* effects, and uses a multipeak fat model. The parameters of this sequence included: Repetition time, 8.3 ms; shortest echo time, 3.2 ms; field of view, 35 × 35 cm; matrix, 160 × 160; bandwidth, 111.1 kHz; flip angle, 4 • ; section thickness, 7 mm; and a single dimensional image with 24 sections. The images were processed using the software provided by the manufacturer (IDEAL IQ, GE Healthcare) to instantaneously create water, fat, R2*, and fat fraction maps.
To measure the fat fraction of fibroglandular tissue in a normal breast, a ROI was placed over the entire fibroglandular tissue shown as an intermediate intensity region at the level of the nipple on a transverse image of the fat fraction maps (Figure 1a ). The fat fraction was calculated using a medical imaging system (SYNAPSE version 4.1, Fujifilm Medical, Tokyo, Japan).
Dual-Energy Computed Tomography (DECT) Measurement
All CT examinations were performed on a dual-source multidetector-row scanner (SOMATOM Definition FLASH system, Siemens Healthcare). All patients lay in the supine position with hands raised on the scanner table. After the acquisition of lateral and anteroposterior topograms, each patient was scanned in the craniocaudal direction with their breath held after deep inspiration. Dual-energy images were acquired with an automatic exposure control system (Care dose 4D; Siemens Healthcare; Table 1 ).
Image data with two different tube potentials (100 kVp and 140 kVp) were processed with dual-energy software (Syngovia version VB10B; Siemens Healthcare) running on a workstation. The Liver VNC application program (Siemens Healthcare) consists of a three-material decomposition algorithm analyzing soft tissue, fat, and iodine, and their relative changes of attenuation at different peak voltages [19] . This application normally uses the CT number of the liver as the CT number of soft tissue. In this study, the CT number of breast cancer was used instead of that of the liver, with this being determined in a previous study [25] . Assuming that every voxel in the field is composed of fat, soft tissue, and iodine, this spectral algorithm generates a map that encodes not only the iodine distribution, but also the fat distribution.
In the first part of the study, a ROI was placed over the entire fibroglandular tissue, shown as an intermediate density region at the level of the nipple on a transverse image, to measure the fat fraction of fibroglandular tissue in normal breast by DECT ( Figure 1b ).
To measure the fat content of breast cancer by DECT in the second part of the study, an image showing the largest diameter of the tumor was selected. In general, the measurement depth of the NIRS is stated as half of the source-detector separation distance. However, Yoshizawa et al. reported that the influence of the chest wall was small, and that the tHb concentration was constant, when the skin-to-chest wall distance was 2 cm or more for the TD-DOS source-detector separation of 3 cm [26] . According to the relationship between the skin-to-chest wall distance and tHb, a semicircular ROI with a transverse diameter of 3 cm and a depth of 2 cm was placed over the tumor (Figure 1c ). In the second part of the study, the fat fraction of normal breast was measured by placing the same ROI in a symmetrical area in the contralateral breast ( Figure 1d ). The remaining components of the fat-free fraction were calculated by subtracting the fat fraction from 100%. Ding et al. measured twenty pairs of postmortem breast samples using chemical analysis as a gold standard [22] . They reported that the breast consisted mainly of water, lipid, and protein, whose measured values were about 10-70%, 25-90%, and 0-10%, respectively. In this study, the fat-free fraction of the breast is considered to be a parameter related to water content, as the breast is low in protein.
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Time-Domain Diffuse Optical Spectroscopy (TD-DOS) Measurement
Our TD-DOS system (TRS-21-6W) uses the time-correlated single photon counting (TCSPC) method to measure the temporal profile of the detected light. The TRS-21-6W consists of two light source units, two photodetector units, a single photon counting (SPC) circuit, and optical fiber bundles. The light source units (custom-designed, Hamamatsu Photonics K.K., Hamamatsu, Japan) contain three laser diodes per unit (762 nm, 802 nm, and 838 nm for unit 1; 908 nm, 936 nm, and 976 nm for unit 2). Each laser diode emits a pulse 100 ps to 200 ps wide (full width at half maximum) at a repetition rate of 5 MHz. The specimen is irradiated with the pulsed laser through a 1-mm diameter source optical fiber bundle with a numerical aperture (NA) of 0.29 (Sumita Optical Glass, Inc., Saitama, Japan). The light propagating through the specimen is collected by a 3-mm diameter detection fiber bundle with an NA of 0.29 (Sumita Optical Glass, Inc.), and is guided to two photodetector units containing different photomultiplier tubes (GaAs and InGaAs PMT, Hamamatsu Photonics K.K.). The detected light is converted into an electrical signal by the photodetector units, and processed with a custom-designed SPC circuit consisting of a constant fraction discriminator, time-to-amplitude converter, an analog-to-digital converter, and histogram memory. The processed signal is acquired as a temporal profile of detected light.
The TRS-21-6W can quantify the optical properties of a specimen measured in the reflectance and transmittance geometry by analyzing the temporal profile according to photon diffusion theory. An estimated profile is calculated by convolving the instrument response function (IRF) with an analytical solution of the photon diffusion equation for a homogeneous medium, and then the µ s and µ a of the specimen are determined by fitting the estimated profile to the measured profile with a non-linear least squares method based on the Levenberg-Marquardt algorithm. The details of analyzing the temporal profiles have been described previously [14] .
The major chromophores in breast tissue at near-infrared wavelengths are oxy-hemoglobin (O 2 Hb), deoxy-hemoglobin (HHb), water, and lipid [27] , and the absorption coefficient at the wavelength λ is expressed as follows:
where ε m (λ) and C m are the molar extinction coefficient at the wavelength λ, and the concentration of the substance m, respectively, and µ 100% a,n (λ) and V n are the absorption coefficient of the pure solution at the wavelength λ and the volume fraction of the substance n, respectively. Since ε m (λ) and µ 100% a,n (λ) can be measured with a spectrophotometer, the concentrations and volume fractions are determined from µ a (λ) by solving the system of linear equations in Equation (1) . Total hemoglobin (tHb) is derived as the sum of O 2 Hb and HHb. Tissue oxygen saturation (StO 2 ) is defined as the ratio of O 2 Hb to tHb.
The molar extinction coefficients of O 2 Hb and HHb were taken from the literature by Matcher et al. [28] . The absorption spectrum of lipid that we used was reported by van Veen et al. [29] . They measured the absorption spectrum of clear purified oil obtained from lard above 36 • C. Differences in absorption spectrum have been reported according to the type of oil (e.g., lard, soybean oil, mineral oil, or cod liver oil), and this affects the estimation of its lipid content. We used the absorption spectrum of oil from mammals close to humans. The absorption spectrum of free water was measured with a spectrophotometer (U-3500, Hitachi High-Technologies Corporation, Tokyo, Japan). The spectrum of water in vivo depends on its bonding state (i.e., free water vs. bound water) [30] . Chung et al. used this slight spectral difference to show the degree of in vivo water binding as the bound water index (BWI), and reported a positive correlation between this BWI and tumor histopathological grade. Therefore, the volume fractions of water and lipid measured by TRS-21-6W are relative values compared with those of pure solutions, and not exact values [31] . Figure 2 shows the normalized absorption spectra of O 2 Hb, HHb, pure water and purified lard in the wavelength range of 700-1000 nm.
The breast measurements were carried out using reflectance geometry with a source-detector separation of 3 cm. To obtain the optical properties and ultrasound image of the breast simultaneously, we attached the optical fiber bundles to the ultrasound probe, as the resulting optical path is orthogonal to the ultrasound image. The optical properties along the transverse axis, and the ultrasound image in the sagittal plane, were obtained using the combined probe (Figure 1c,d) . The measurements were performed at a position just above the tumor and in the symmetrical position on the healthy breast.
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Statistical Analysis
All statistical tests were performed using the Statistical Package for the Social Sciences (SPSS) for Microsoft Windows version 19 (IBM Corp., Armonk, NY, USA). Data normality was tested with the Shapiro-Wilk test. The relationship between the lipid content values of fibroglandular tissue in the normal breast obtained by MRI and DECT was evaluated using Pearson's correlation coefficients.
Correlations of lipid and water contents between the DECT and TD-DOS parameters were evaluated using Spearman's correlation coefficients. Correlation coefficients between the lipid and water contents were compared using the Fisher z-transformation. The Wilcoxon signed rank test was used to compare quantitative data between normal and tumor tissue. A value of p < 0.05 was considered statistically significant.
Results
Comparison of the Fat Fraction of Fibroglandular Tissue in the Normal Breast between MRI and DECT in Different Positions
A positive correlation was found between the fat fraction measured by DECT and the fat fraction measured by MRI in the fibroglandular tissue of the normal breast. The slope and intercept of the regression line were 0.94 and 0.4, respectively (n = 28, R 2 = 0.89, p < 0.01; Figure 3 ). 
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A positive correlation was found between the fat fraction measured by DECT and the fat fraction measured by MRI in the fibroglandular tissue of the normal breast. The slope and intercept of the regression line were 0.94 and 0.4, respectively (n = 28, R 2 = 0.89, p < 0.01; Figure 3 ). Appl. Sci. 2019, 9, Figure 4 shows an example of IRFs, measured temporal profiles, and the estimated profiles at 6 wavelengths obtained from TD-DOS measurement of the normal breast in a 41-year-old patient. The estimated profiles fit well with the measured temporal profiles. In this measurement, the concentration of O2Hb was 14.6 μM, that of HHb was 3.9 μM, the water content was 15.4%, and the lipid content was 63.9%.
Measurement by TD-DOS and DECT in the Supine Position
Comparison of Lipid and Water Contents between TD-DOS and DECT
The relationship between the lipid content estimated by TD-DOS and the fat fraction estimated by DECT measured at ROIs in normal and tumor tissue is shown in Figure 5a . A positive correlation between the lipid contents obtained by the two methods was observed, with a slope of 0.58 (95% Confidence interval (CI) = 0.40-0.76) and an intercept of 23.27 (95% CI = 9.9-36.6) (n = 16, rs = 0.58, p < 0.01). The correlation between the water and fat-free content (Figure 5b ) has a slope of 0.52 (95% CI = 0.43-0.61), an intercept of 5.36 (95% CI = 2.0-8.7) (n = 16, rs = 0.90, p < 0.01), and a higher correlation coefficient than that for lipid content (p < 0.05). Figure 4 shows an example of IRFs, measured temporal profiles, and the estimated profiles at 6 wavelengths obtained from TD-DOS measurement of the normal breast in a 41-year-old patient. The estimated profiles fit well with the measured temporal profiles. In this measurement, the concentration of O 2 Hb was 14.6 µM, that of HHb was 3.9 µM, the water content was 15.4%, and the lipid content was 63.9%.
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Discussion
The fat fractions of fibroglandular tissue in the normal breast measured by DECT and MRI in the first part of the study were comparable (Figure 3 ). The differences between the two measurements could be caused by differences in the body position: DECT was acquired with the subject in a supine position, whereas MRI was acquired with the subject in the prone position. Unlike MRI, DECT can be measured in the same supine position as that used in TD-DOS. Therefore, DECT was adopted as the method for comparison with TD-DOS in the second part of the study. The tumors of patients with breast cancer and the contralateral normal breasts were measured by both methods, to assess the validity of the in vivo TD-DOS lipid and water content measurements. There were two patients whose fat fractions measured by DECT were slightly over 100%. The fat fraction can show values under 0% or over 100% due to the limitation of the calculation algorithm when the CT number measurement by DECT is close to the that in pure soft tissue or in pure fat.
Our TD-DOS system measures hemoglobin, lipid, and water contents, while the DECT measures fat fraction and the remaining components as fat-free content. The fat-free fraction of living tissue is composed of water, protein, carbohydrates, and minerals, but in this breast study, the fat-free fraction was regarded as a parameter related to water content [22] . The correlation between TD-DOS and DECT was moderate for lipid content and very strong for water content ( Figure 5 ). These results show that TD-DOS captures the characteristics of the lipid and water contents of the breast. Although the correlation for lipid was lower than that for water content, a moderate correlation was still found for the lipid. However, the 95% CI of the slope and the intercept for the lipid were wider than those for water due to the small number of patients with very low lipid levels (n = 3). The absorption peaks of lipid and water are around 936 and 976 nm, respectively. The accuracy for lipid may be lower than that for water because the absorption coefficient at 936 nm is affected by water absorption, which is also high at this wavelength. A similar trend was also shown in the absorption coefficient results from phantoms with various proportions of water and lipid in our previous study [14] . The absorption coefficient at 976 nm reflected the relative amount of water in the phantom, whereas the absorption coefficient at 936 nm did not necessarily reflect the relative amount of lipid in the phantom. Taroni et al. used seven wavelengths from 635 to 1060 nm to measure collagen as an important biomarker in a pathological classification [32] . They stated that 635 and 1060 nm were very effective wavelengths for collagen identification. They also reported that the presence or absence of collagen affects the calculation of other parameters [33] . The level of collagen varies with age, body mass index (BMI), and breast density [17, 34] , and is reported to be involved in tumor development and progression [32] . It is difficult to measure collagen with the wavelengths of 760-1000 nm used in this study, as the absorption of collagen is lower than that of water and lipid at those wavelengths, and the spectral peak positions of lipid and collagen are similar within this wavelength range [33] . In future study, we need to investigate whether or not individual differences in collagen affect the lipid results calculated from similar spectra using water/lipid phantoms with added collagen.
There was much less dynamic range in TD-DOS than DECT for both lipid and water. The regression slope between the TD-DOS and DECT measurements of the breast tissues was 0.5-0.6, lower than that of a water/lipid phantom [14] . There are several possible reasons for this. For DECT measurement, a semicircular ROI with depth 2 cm, including the breast surface, was set on a 1-mm-thick DECT image. In contrast, the optical path of TD-DOS is spatial and banana-shaped [35] , and the measurement region differs from the ROI used on the DECT images. Furthermore, the TD-DOS method is less affected by the superficial layer, but more sensitive to deeper regions than other DOS methods [36] [37] [38] . In this study, the depth of ROI was determined as 2 cm based on the relationship between the skin-to-chest wall distance and the tHb [26] . In the case of breast measurement, the absorption in the 900 nm region, which reflects the characteristics of water and lipid, is fairly high compared with the absorption at 750-850 nm reflecting the characteristics of hemoglobin. It causes difficulty in detection of the photons which have passed through the deeper region in the 900 nm range. Therefore, it is expected that the water and lipid contents obtained by TD-DOS reflect the information within the region shallower than 2 cm. In addition, the fat and fat-free fractions obtained by DECT change according to the size of ROI due to the heterogeneity of the breast tissue. For that reason, the regression slope in Figure 5 will be improved by employing a ROI that has more appropriate depth.
Several reports have compared DOS-measured physiological parameters between normal and tumor breast tissue [4, 27, [39] [40] [41] . In tumor tissue, tHb and water are higher than those in normal tissue, while lipid is lower. A significant reduction in StO 2 in tumor caused by tissue hypoxia due to metabolically active tumor cells has been reported [39, 41] , but results showing no significant differences have also been reported [27] . High tHb reflects angiogenesis as a tumor grows, and Ueda et al. described the association between tHb level estimated by TD-DOS and mitotic count score evaluated as a proliferation marker, or SUV max on FDG PET/CT [4] . High water content and low lipid content of tumors compared with normal tissue has also been reported using magnetic resonance spectroscopy (MRS) [42] . The high water content indicates edema and increased cellularity [43] . As breast tumors grow, adipose tissue is extruded, so a decrease in lipid content is predicted. Our results showed a significant difference in water and StO 2 between tumor and normal tissue. Although tHb and lipid did not show a significant difference, tHb tended to be higher in the tumor (p = 0.063). In this study, differences in these parameters may not have been observed because the tumors were smaller in size than those in the previous report or because the number of cases was small. When all 32 patients, including ones only measured by TD-DOS (untreated patients, excluding one case with the probe resting on the nipple, and 2 cases with a hematoma near the tumor) were analyzed using the Wilcoxon signed rank test, and significant differences in the parameters became clear as the number of cases increased. We confirmed a significant decrease in lipid (p = 0.0043) and an increase in tHb (p = 0.0032) in tumor, as described in previous reports [27, 41] .
The present study has some limitations. Since the number of patients was small, especially the number of patients with very low lipid content, the regression line between TD-DOS and DECT for lipid might be affected by this scarcity of lipid data. Furthermore, due to the small tumor size, some parameters (tHb and lipid) showed no significant difference between normal and tumor, unlike other cases reported in the literature.
It has been reported that skin-to-chest wall distance, depth of the tumor, and thickness of the tumor, all affect the measurement values of breast cancer [26, 44] . Yoshizawa et al. proposed tHb net as an index of tHb for tumors in order to improve the evaluation of tumors by reducing the effect of the skin-to-chest wall distance, which differs among individuals. This measurement used a standard curve of tHb and skin-to-chest wall distance for a normal breast [44] . In addition, a tissue optical index (TOI) combining water, lipid, and HHb has also been proposed as a contrast function for cancer and normal tissue [27] . It has been reported that a TOI used during the intermediate period of treatment is an effective predictor of clinical response to NAC [5] . In this study, we used DECT to confirm that TD-DOS reflects the characteristics of lipid and water contents in breasts in vivo. We plan to conduct a further study monitoring the effects of chemotherapy on breast cancer patients. This evaluation was conducted using single-point measurements, but it is expected that the contrast between tumor and normal tissue will be clearer using two-or three-dimensional images and multipoint measurements [4, 45] .
